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ABSTRACT

Beryllium diffused surfaces on Type 310 stainless steel,
Inconel, and Haynes Stellite 31 were evaluated for resistance to fuel-
oil-ash slags at elevated temperature. Considerable improvement in
resistance to corrosion caused by vanadium bearing slags was ind'uced
in the stainless steel. However, a decreased resistance to sulfate-
chloride corrosion was shown by all surfaces, while the over-all res.ist-
ance of the Haynes Stellite was significantly reduced by the berylliumii.-
ing process. A metallographic examination of the coatings is pre-
sented.
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ADMINISTRATIVE INFORMATION

This investigation was authorized by Bureau of Ships letter
AI1/NS-013-1Z0 (343) serial 343-168 of ZI April 1958.
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REPORT OF INVESTIGATION

INTRODUCTION

The performance of fuel-burning equipment is limited by the
rapid corrosion of refractory and ordinary heat resisting surfaces by
vanadium bearing fuel-oil-ash, references (a) and (b). Severe attack on
heat resisting steels and alloys also occurs from alkali-earth sulfates
mixed with chloride, reference (c). The presence of these substances
is reasonznblv assured in the combustion of fiiel in marine equipment.
One approach to this limiting problen, is to reduce or prevent the
corrosion of otherwise suitable materials by the application of pro-
tective coatinRs or surfaces. Aluminum coatings on stainless steel
-.er shown in refertences (d) and (e) to be no solution to the fuel-oil-

.,..h nroblern. V.irious refractory coatings, reference (f), likewise
h.tve failed to provide the necessary resistance.

A process whereby beryllium is deposited and diffused into
metallic surfaces has been developed by The Metallic Surfaces Res:ivarch
Laboratories. Limited. Oxbridgc, Middlesex, Great Britain. Tho,
purpose of the process is to provide a surface resistant to vanadium
peottoxide corrosion at elevated temperatures. The process apparently
is a highly protected proprietary item; thus, little specific information
hias ,ut been obtained.

Th,! Bureau of Ships, by negotiation through the Naval Attache
.1.14 Naval Atlache for Air, Navy 100. Fleet Post Office. New York.
N, w York, arran,:ed tin have specimens treated By this process. Such

. .rne:ilts were rel.tested in reference (g). The processed speci-
tit wsere (.valhiaied at the Station for resistance to fuel-oil-ash

I W. ,1.,,1. The. r.•sults of this evaluation are presented herein.

Ar '}RTAIS

Four specimens each of stainless steel. Inconel. and Haynes
llit" vt-r•. "be.rylliumized." The size of each specimen was 1/4" by

• /•." S• ,-I/i". Specific characteristics of the materials from which
W ,,.;uclri,..-s were fabricated are presented in Table 1.

I
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Table I

Base Materials Subjected to Berylliumizing

Material Condition Composition, wt
1/4"1 rolled plate., 51.83 Fe, 25.30 Cr,

Type 310 stainless steel annealed 20.32 Ni, 0.66 Si, 1.65
Mn, 0.05 C. 0.16 Cu

6.00 Fe, 13.05 Cr,
Inconel 3/4" 4 hot rolled 76.03 Ni, 0.42 Si, 0.33

Co. 0.70 Ti. 1.30 Al

* 1.37 Fe. 24.71 Cr,
Haynes Stellite 31 1/4". plate, aged 9.76 Ni, 7.62 W, 0.49Si, 0.56 Mn, 0.5C.

Balance Co

METHOD OF TEST

A cursory examination of the effect of processing on the
materials was made by weight change atnalysis and visual and rnctallo-
graphic inspections.

The bt:rylliumized specimens were subjected to high temper-
attire oxidation and corrosion by three oxidation-accelerating slags.
These slags were:

1. A sulfated vanadium slag formed from 70% VZO 5 +
30% NaSO4 . This slag induced on Type 310 stainless steel a corrosion
rate similar to that found on failed superheater tube support plates,
removed from service boilers.

Z. A nonsulfated. vanadium slag formed from 79%
V 2 0 5 + 4l% NaVO3. This slag induced the highest oxidation rate
observed to date for vanadium slags. The constituent proportion of
this slag was equivalent to a 6:1 ratio of VZO 5 /NaO.

3. A'nonvanadium slag formed from 90% NaLSO4 .+ 10%
NaCI. This slag was termed the sulfate-chloride slag. The constituents
used in these slags were chemically pure (CP) grade reagents.
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In the vanadium slag corrosion tests, the specimens were
precontaminated by immersing in the specific slag for two hours at
1600*F. In this manner, a contaminated surface was prepared which
was then tested in the oxygen consumption apparatus. A description
of the apparatus and test procedure is contained in reference (a). In
test, the specimens were maintained at 16000F in an oxygen environ-
ment at one atmosphere preqsure. The consumption of oxygen by the
surface was periodically measured. Duration of the tests was approxi-
mately Z3 hours. The weight of material corroded during test was also
determined. The specimens were descaled after test by the molten-
sodium hydride-quench procedure.

• Tests in the sulfate-chloride slag differed from the above
procedure in that there was no precontaminating step. Instead, the
specimen, with five grams of slag mix, was contained in a ceramic
boat in the oxygen consumption apparatus during test.

RESULTS OF TESTS

The berylliumizing process induced average weight gains in
the various materials as shown in Table 2.

Table Z

"".Weight Change in Berylliumizing

Weight Gait,
Material gm/sq ij.. Standard Deviation, n 4

Type 310 stainless !.tcr." 0.0Z3Z 0.00065

Inconel 0.0Z75 0.00093

Haynes Stellite 31 0.0184 0.00077

The surfkces of the ipeciniens,-which were of a fine machine
fini;3h prior to'berylliumizing, had a mottled white and gray color and
approximately 80 microinches rms sui-face roughness after berylliurniz-
ing. A fine white powder was obviously expelled on handling the
specimens.

Photomicrographs of the processed surfaces are shown in
Figure 1. Total depth of the coating or diffused layer appeared to be
0.0044" for the stainless steel, 0.0016" for the Inconel, and 0.0016"

3
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for the Stelifte. Diffusion to greater depth probably occurred, but the
concentration was not sufficient for phase formation, and the maximum
depth could not be indicated by the etching technique. Extensive diffu-
s;ion occurred in the berylliumized layer on the Type 310 stainless steel.
Complex metallic phases were distributed from the surface to the base
metal interface. The variable etching rates, which occurred in selected
reagents, indicated the surface phases to be high in beryllium. Some
needles of a high beryllium phase, however, extended to the substrate
,nterface. Signs of eutectic phases were also found in the berylliumized
layer. Phase diagrams, reference (h), show that nickel and iron series
of alloys with beryllium contain complex intermetallic compounds with
,issociated eutectic compositions. The locations of nonmetallic inclu-
,ýions in the diffusion layers indicated that the diffusion or growth of the
Jayers was predominately inward into the base material. Both the
L.conel and Stellite also showed characteristics of extensive diffusion,
althuugh somewhat different than the Type 310 stainless steel. Diffusion
j, beryllium in the base material beyond the phase concentration line
,as quite obvious in the Inconel. Grain boundary diffusion was apparent

L. this low concentration area. Little or no diffusion in the substrate
•;I indicated in the Type 310 steel or the Stellite.

Results from the oxidation-corrosion tests of the berylliumized
1,'faces are shown in Table 3 and the graphs of Figures 2, 3, and 4.

I cluded in the graphs are nonberylliumized surfaces for comparison.
1 Fi,,ure 5 are photographs of berylliumized surfaces after test.

Table 3
Oxidation of Berylliumizcd Surfaces

MI of 0,I'zno Total Weignt
"";,frface Extended Loss of

S ( or• ammanrt I tr 2 Hr 3 tir Time Specimen. gm Remarks
.. lag 3 4 4 10 at 23 hr No obvious damage or4 corrosion
I 70 ./ V 30% Na >04  1. 5.7 6 20 at 23 hr 0. ZZ37 blight surface erosion

.iO I 7 ', .V,'O, + 21% NaVO 3  ib" 21 24 5, at Z3 hr 0.9q.I Local large pit cor-
• g.l $rosion. definite depth

0.limit

S*aO4 + 10a N.I 1418 488 508 564at23hr 5.Z044 Massive crateriz.g and

0 1 - 1 • eros ion
No IaR I I I I at 23 hr 1 No obvious Jamse or

corrosion

S70'. VzO,, + 301,9 NaSO4 32 66 105 495at23hr 5.1790 Massive craterig.
selective corrosion

. :. , " (sponge)
I 7•. V;O5 4 21% NaVO3 19 27 35 94 at 23 hr 3.3678 IGenera' surface ero-

siot. pebbly surface
'301 NaASO 4 + 107% NaCI 35 48 66 Z48atZhr 3.8902 Gener." ' roscopic

_ _pit erosi-'
"No 4lag 4 4 4 4 at 23 hr No obvious damage or

coi roe ion
I 73', V V0 5 + . 0% Na&ZO4 23 38 49 112at23 hr 2.0007 ISmall cratering in

general erosion

"7Q'% V,0 5 * 2-1% NaVO3 45 51 53 79 at'Z hr 2.3818 Massive cratering.

extensive on edges
990% NaZSO 4 + 10% NaCI 71 514 649 94catZ4hr 15.6693 Massive erosion. com-

S. plete deterioration
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The berylliumized Type 310 stainless steel surfaces exhih-
ited considerable resistance to vanadium slags over a 23-hour history.
No metallic surfaces studied to date have shown greater resistance.
However, the berylliumized stainless steel showed poor resistance to
the sulfate-chloride slag. In fact, the processed surface was less
resistant than the base material.

The berylliumized Inconel was highly resistant to vanadium
slags. However, no improvement was considered to have been induced
by the process, as Inconel itself is highly resistant to vanadium slags.
As with the stainless steel, the berylliumized Inconel showed less
resistance to sulfate-chloride slag than an unprocessed Inconel surface.

The berylliumized Haynes Stellite 31 surfaces were less
resistant to all slags than the unprocessed surfaces. The berylliurni'-rd
surfaces suffered exceptionally severe damage from the sulfated-
vanadium slag. The resistance to this slag of the processed surface
was estimated to be 30%0 of the uncoated Haynes Stellite 31 material.

The weight losses of specimens during test supplemented the.
oxygen consumption indications of corrosion. Likewise, the appearance
of the surfaces after test, shown in Figure 5, indicated similar degrees
of corrosion. It is apparent from the photographs that different cor-
rosion mechanisms operated on the different surfaces. The sulfated-
vanadium slag, somewhat noncorrosive to berylliumized Type 310
steel, was microscopically selective and severe on the Stellite, while
being grossly selective or cratering and moderately corrosive to th(
i)con.l . vhe nonstulfated vanadium slag causNed a spars;e, pit type
attack on tle.berylliurnized Type 310 steel surface, a geeneral erosio)t
on the Haynes Stellite 31,and a massive cratering type attack on thu
Inconel. The sulfate-chloride slag resulted in a catastropliically
severe corrosion to all berylliumized surfaces arnd yet showed ,vid, 1ct.
of different mechanisms for each. A massive cratering attarek occu rr(,A

or- the Type 310 stairtless steel, a microscopic, pit type crosion
occurr'd on the Haynes Stellite 31, and complete destrucion Via .'t:ro-
.40,11 aild wastage occurred on the Incontil.

CON(: LUSIONS

The following conclusion's are derived froin the foregoiigp,
results:

I. The beryllioimizing proces:, produces a diffused alloy
surface of microscopic d'j~th on Type 310 stainless steel, Ncollel, ad.
flHaynes Stellite 11:

l*"S
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2. The berylliumized Type 310 stainless steel and Inconel
surfaces are highly resistant to vanadium bearing laboratory slags.
Such surfaces, however, are less resistant to sulfate-chloride slag than
the untreated base materials.

3. A berylliumized Haynes Stellite 31 surface is less
resistant to simulated fuel-oil-ash slags than untreated Haynes Stellite
31.

1)1S C USSION

The effectiveness of berylliumizing for increasing resistance
to vanadium bearing fuel-oil-ash is a function of the base material. Of
the three materials investigated, only the iron base, Type 310 stainless
stuel was amenable to improvement, while the natural high resistance
of Haynes Stellite was substantially reduced. It is anticipated that,, at
present. the resistance of various treated alloys must be determined
individually. However, since alloys of.a particular system are
expected to behave somewhat similarly, it is~considered that the iron
base alloys are'th6 most appropriate for a subsequent study. A pro-
,,ram for evaluating various berylliumized, ferrous alloy surfaces will
be discussed with the Bureau of Ships.

The lack of improved resistance to sulfate-chloride slag
slhown mby the berylliumized surfaces somewhat vitiates the use of such
surfaces in marine firesides. Until the complex phases of marine fire-
.side corrosion are better understood and the primacy of either vanadium
or sulfate-chloride corrosion established, the true worth of berylliumized
stirfaces for naval use cannot be determined from laboratory study. It
is anticipated that future evaluatioWs of berylliumized surfaces will con-
fain the clements of a service exposure. This can be provided by the
iiisertion of suitable specimens in selected locations in ships' firesides.
Nevertheless, initial evidence for a selection for service exposure must
conic from the simple, expedient, *laboratory type tests.

Considerable difficulty was experienced in maintaining
correspondence regarding the processing of specimens. As a result,
little information of the process is available. The Chromizing Company,
17-1 East 47th Street, Los Angeles 58, California, is an associate of
"The Metallic Surfaces Research Laboratories, Limited. The Chromizing
Company has recently been.named as a domestic exhibitor of the beryl-
liumizing procebs. Their co-operation in future investigations of this
process should enable a more rapid lprocessing of .'pecimes and provide
better basic information of the berylliumizing treatment.
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Bx-rylliutmt and many of its compounds are extremely toxic.
The beryllium ion Is considered to be one of the most toxic of any
industrial material. Physical manifestations of beryllium induced
diseases are chemical pneumonitis, berylliosis, and skin reactions,
,such as dermatitus, ulcers, and tumors. The contamination limit, as
established by the U. S. Atomic Efiergy Commission, is two micro-
grams per cubic meter as an average concentration for in-plant atmos-
pheresi reference (I). It is, therefore, apparent that extreme pre-
cautions are essential in working With beryllium or its compounds. A
program involving any but the most cursory manipulations will require p
substantial, specialized equipment.-
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RECOMMENDATIONS

The low corrosion resistance of certain berylliumized
surfaces requires that, at present, berylliumized surfaces not be
advocated for general use in the naval service. However, it is redomn-
mended that further investigation of such surfaces be conducted. The
increased resistance shown by the Type 310 stainle.ss steel may be
indicative of an improvement exclusive to certain alloys. At this phase
of the study, It is suggested that berylliumized surfaces on iron and
iron-chromium base alloys be investigated.

,7a
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Base Material: Type 310 Stainless Steel
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Figure 5
Photomnicrographs of.Berylliumized Surfaces Corroded by

Simulated Fuei-OiI-Ash (Xi5)
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